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The group III metal dimers Ga 2 and In 2 and the newly identified intermetallic molecule GaIn were investigated in a Knudsen cell-mass spectrometric study of the vapors over gallium-indium alloys. Fro m the all-ga s equilibria analyzed by the second-law and third-la w methods the following dissociation energies were derived; D 0 0 ͑Ga 2 ͒ϭ110.8Ϯ4.9 kJ mol
Ϫ1
, D 0 0 ͑In 2 ͒ϭ74.4Ϯ5.7 kJ mol Ϫ1 , D 0 0 ͑GaIn͒ϭ90.7Ϯ3.7 kJ mol
. The value here measured for the dissociation energy of In 2 is discussed and compared with a previous experimental determination and with the results of more recent theoretical investigations. © 1998 American Institute of Physics. ͓S0021-9606͑98͒00435-8͔
I. INTRODUCTION
Great interest has been focused over the past years on the study of the electronic and spectroscopic properties of small metal clusters. The objective of the intense theoretical and experimental investigations of diatomics and triatomics of transition metal atoms, also aided by advances in spectroscopic and computational techniques, is ultimately an understanding of the nature of bonding in these compounds. In view of this interest currently expressed, some theoretical and also experimental investigations [1] [2] [3] of the heavier main group III dimers Ga 2 , In 2 , Tl 2 recently were added to the early studies on the electronic structures and dissociation energies. 4 However, accurate determinations of the dissociation energies are still scarce and far from being definitely accomplished for the above dimers and apparently completely lacking for the heteronuclear diatomics of the intergroup IIIA metals mostly as a consequence of experimental difficulties.
We have undertaken experimental investigations by an equilibrium technique such as Knudsen cell mass spectrometry ͑KC-MS͒ aimed first at the identification and determination of dissociation energy of the heteronuclear diatomics of the intergroup IIIA and, also at the assessment of those homonuclear diatomics scarcely studied making use in data evaluation of the more recent theoretical and spectroscopic characterization made available. In particular, the results here presented concern the first identification and thermochemical characterization of the GaIn molecule and, jointly, the redetermination of dissociation energy for the Ga 2 and In 2 dimers based on extensive equilibrium measurements and on a new set of critically evaluated thermal functions of the species under study.
II. EXPERIMENT
All equilibrium measurements were made with a magnetic-focusing mass spectrometer coupled with a Knudsen cell molecular source assembly, a classical but still most versatile and almost invaluable tool at disposal for this kind of investigation. The instrument and experimental procedure have been described elsewhere. 5 A high-purity, high-density graphite Knudsen cell with 0.5 mm orifice diameter and 0.7
Clausing factor was used throughout the experiments. The cell was heated by radiation by a tungsten coil resistor and the temperatures were measured with an optical pyrometer previously calibrated against a standard NBS certified lamp by sighting on a blackbody hole in the bottom of the cell. Calibration of the pyrometer was also checked in situ at the melting point of silver and gold in the course of various vaporization runs. The molecular beam effusing from the cell was ionized with 70 V electrons, the electron emission current being generally set at 1.0 mA.
III. RESULTS

A. Identification of ions
Equimolar amounts of 99.9% pure gallium and indium metals were placed into the graphite cell that ensured reducing conditions for the possible presence of oxides contaminants.
The ions observed were Ga ϩ , In . Their identification as parent ions was accomplished as usual by measurement of mass-to-charge ratios, isotopic abundances, shutter profiles, and ionization efficiency curves ͑IEC͒. Their appearance potentials ͑AP, in eV͒ obtained by the linear extrapolation of the IEC's were 6.0Ϯ0.5, 5.8 Ϯ0.5, 6.2Ϯ0.5, and 6.0Ϯ0.5, respectively. The AP values for Ga 2 ϩ and In 2 ϩ agree remarkably with previous measurements 3, 6 and theoretical evaluation, 1 while for GaIn ϩ the value here measured represents a first determination. Peaks corresponding to Ga 2 O ϩ were also observed in the initial runs, the intensity of which was lower than the intensities of the metal ions and decreased along the vaporization experiment. The intensities of the metal ions utilized in the equilibria were taken when the intensity of Ga 2 O ϩ was sufficiently low to avoid a possible contribution to the measured intensity of Ga 2 ϩ coming from its fragmentation indication of which, on the other hand, was not given by inspection of the IECs.
The measured ion currents are listed in Table I . The intensities measured for the various ions were converted into partial pressures by the well known relation P i ϭK. f i .I i ϩ .T, where K is the instrumental constant and the factor f i ϭ1/ i .␥ i .a i includes the cross section, multiplier gain, and isotopic abundance of the specific ion. The instrument sensitivity constants K, reported as a footnote in Table I , were evaluated both by repeated quantitative silver calibration vaporizations and through checks of the equilibrium Ga 2 (g)ϭ2 Ga(g) by adopting the relevant data of Shim et al. 3 The results of the two procedures agreed within 20%. The ionization cross sections for the atoms were taken from Mann 7 while for the biatomic species they were assumed as 0.75 times the sum of the cross sections of the constituent atoms, a prevailing choice adopted in literature. The multiplier gains were assumed to be proportional to the inverse square root of the relevant ionic masses. The specific factors f i adopted are 2.325, 1.654, 2.770, 1.138, and 2.233 for Ga, In, Ga 2 , In 2 and GaIn, respectively.
B. Reaction enthalpies and dissociation energies
The here identified and studied GaIn molecule represents a first example of heteronuclear diatomic species of the intergroup IIIA for which the bond strength has been measured. Actually, the only indirect indication for the possible presence of a species Ga x In x or Ga x In x H was previously inferred by Ginter et al. 8 from the features of the emission spectrum obtained by vaporizing a mixture of Ga and In metals in a King furnace. However, no assignment and molecular constants were given. In the present study the dissociation energy of gaseous GaIn was obtained from the thermochemical study of the gas-phase direct dissociation reaction, GaInϭGaϩIn ͑1͒
and of the isomolecular exchange reactions,
GaInϩInϭIn 2 ϩGa, ͑3͒ Rigorously, reactions ͑2͒, ͑3͒, and ͑4͒ should not be considered as completely independent being obtainable by combinations of reactions ͑1͒, ͑5͒, and ͑6͒. Actually they were retained in the overall analysis in order to take into account the different influence of the experimental points in each individual reaction. In essence, for the determination of the dissociation energy of GaIn reactions ͑1͒ and ͑2͒ were preferentially utilized while reactions ͑3͒ and ͑4͒ were used as further check for the consistency of the results. The enthalpy changes, ⌬H 0 0 for reactions ͑1͒-͑6͒ were calculated from the equilibrium data both by the second-law method ͑based on least-squares analysis of ln K vs 1/T plots͒ and the third-law method-͕based on ⌬H 0 0 ϭϪRT ln Kp ϪT⌬͓(G T 0 ϪH 0 0 )/T͔͖. The thermal functions Gibbs energy function ͑Gef͒, Ϫ(G T 0 ϪH 0 0 )/T, and heat content function, (H T 0 ϪH 0 0 ), for atomic gallium and indium were taken from Hultgren et al., 9 while for the biatomic species they were evaluated as described in subsequent section.
In Table II is reported a summary of the second-law and third-law analyses of the equilibrium data. The derived dissociation energies are discussed later in the text.
C. Thermal functions
Ga 2
Shim et al. 3 calculated the thermal functions of diatomic gallium using the harmonic oscillator-rigid rotator approximation. The molecular constants were R e ϭ0.272 nm, e ϭ180 cm
Ϫ1
. The evaluation was made including in the calculation of the electronic contribution a number of calculated low-lying electronic states. In the course of the present study we re-evaluated the thermal functions of Ga 2 using the set of molecular constants calculated by Balasubramanian 1 for each of the low-lying electronic states ͑see Table III , respectively.
GaIn
For GaIn the translational and internal contribution to the thermal functions were computed separately. In lack of any theoretical and experimental data for the electronic levels and molecular parameters the contribution of the internal motions has been interpolated from those of Ga 2 and In 2 calculated with the parameters given by Balasubramanian 1, 10 by correcting for the rotational term due to the different symmetry number for the homonuclear and heteronuclear species. The calculated thermal functions for In 2 and GaIn are reported in Table III .
IV. DISCUSSION
Let us first discuss the results for the homonuclear diatomics Ga 2 and In 2 .
A. Ga 2
The dissociation energy of diatomic gallium is relatively well known. Two recent studies, one theoretical by Balasubramanian 1 
T/K
In 2 GaIn The . Such spread of values merits a discussion of the reliability of the experimental results obtained so far. The higher experimental value of De Maria et al. 6 is probably overestimated partly as a consequence of uncorrect assumptions for the molecular parameters of In 2 used in the estimation of the thermal functions. In our experiments we determined a dissociation energy value slightly lower than the Balasubramanian-Li theoretical value. 10 The second-law ͑0 K͒ dissociation enthalpy, ⌬H 0 0 ϭ76.7Ϯ11.2 kJ mol
Ϫ1
, agrees within the quoted uncertainties with the average third-law value, ⌬H 0 0 ϭ72.0 Ϯ1.9 kJ mol
. In view of the small temperature trend
͒ of the individual third-law ⌬H 0 0 s, we propose for the dissociation energy of In 2 the average between second-law and third-law results, namely, 74.4 Ϯ5.7 kJ mol
. Considered the relatively high number of experimental data points and the modern spectroscopic constants employed in the calculation of the thermal functions of In 2 , this value has been adopted as reference for checking the dissociation enthalpy of GaIn through the study of the exchange isomolecular equilibria.
However, it is interesting to compare the results of the present study with those of De Maria et al. 6 who quote a ⌬H 0 0 ͑In-In͒ 19 kJ higher than our selected value. As mentioned above this discrepancy apparently comes primarily from the substantial difference in the adopted molecular constants and the thermal functions calculated therefrom for In 2 in the two cases. A reanalysis of the mass spectrometric data points of De Maria et al. 6 with use of our thermal functions rises the second-law enthalpy by about 7 kJ mol Ϫ1 and lowers the third-law enthalpy by about 17 kJ mol
, which would bring to a disagreement between their second-law and third-law of about 21 kJ mol Ϫ1 and a marked trend in the third-law values.
A part the differences discussed above in the thermal functions estimates, the disagreement between the more experimentally direct second-law values, even if the two experimental studies were carried out in different temperature and pressure ranges and on different chemical systems, should not be readily dismissed. Therefore, in our opinion, the value of the bond strength of indium dimer would merit further experimental investigation with an independent technique. At present, however, the dissociation energy here measured definitely supports the theoretical results of Balasubramanian and Li, 10 based on a non-negligible spin-orbit interaction effect.
C. GaIn
As anticipated, the determination of the dissociation energy of GaIn relied on the measurement of the equilibrium constants of the direct dissociation reaction ͑1͒ and of the exchange reaction ͑2͒ preferred to reaction ͑3͒ as it involves the molecule Ga 2 which, in our opinion, is much better experimentally characterized. Reaction ͑1͒, although dependent on the sensitivity constant of the mass spectrometer, involves the measurement of the species Ga ϩ and In ϩ of high intensity and so less subjected to gross experimental errors. The other isomolecular reactions ͑3͒ and ͑4͒ were utilized as further check of the dissociation energy of GaIn.
The second-law and third-law values for the dissociation reaction ͑1͒, 92.8Ϯ7.0 kJ mol Ϫ1 and 87.3Ϯ1.3 kJ mol
Ϫ1
, respectively, agree within the reported uncertainties and therefore we selected the average value ⌬H 0,1 0 ͑Ga-In͒ϭ90.1 Ϯ3.6 kJ mol
. For the isomolecular exchange reaction ͑2͒ the second-law and third-law analyses of the equilibrium data yield ⌬H 0,2 0 ϭϪ13.0Ϯ14.0 kJ mol Ϫ1 and Ϫ23.9Ϯ2.3 kJ mol
, respectively. Here again, we selected the average value, ⌬H 0,2 0 ϭϪ18.5Ϯ7.0 kJ mol Ϫ1 which has been combined with the value here adopted for the dissociation energy of Ga 2 to obtain the dissociation enthalpy ⌬H 0,2 0 ͑Ga-In͒ϭ91.8Ϯ9.9 kmol
, in agreement with the result of reaction ͑1͒.
As concerns reactions ͑3͒ and ͑4͒, their enthalpies, ⌬H 0,3 0 ϭ17.3Ϯ6.5kJmol Ϫ1 and ⌬H 0,4 0 ϭϪ5.0Ϯ9.9kJmol Ϫ1 selected as averages of the second-law and third-law values, when combined with the dissociation energies of Ga 2 and In 2 lead, respectively, to ⌬H 0,3 0 ͑Ga-In͒ϭ91.7Ϯ8.6 kJ mol
and ⌬H 0,4 0 ͑Ga-In͒ϭ89.9Ϯ6.7 kJ mol Ϫ1 which well reproduce the results obtained from use of reactions ͑1͒ and ͑2͒.
In conclusion, on the basis of the enthalpies of the various all-gas reactions, by giving to the direct reaction ͑1͒ a weight two in respect to the exchange reaction ͑2͒, we propose for the dissociation energy of the GaIn molecule the value ⌬H 0 0 ͑Ga-In͒ϭ90.7Ϯ3.7 kJ mol
.
The Journal of Chemical Physics is copyrighted by the American Institute of Physics (AIP). Redistribution of journal material is subject to the AIP online journal license and/or AIP copyright. For more information, see http://ojps.aip.org/jcpo/jcpcr/jsp
